Nanotechnology has demonstrated tremendous clinical utility, with potential applications in cancer immunotherapy. Although nanoparticles with intrinsic cytotoxicity are often considered unsuitable for clinical applications, such toxicity may be harnessed in the fight against cancer. Nanoparticle-associated toxicity can induce acute necrotic cell death, releasing tumor-associated antigens which may be captured by antigen-presenting cells to initiate or amplify tumor immunity. To test this hypothesis, cytotoxic cationic silica nanoparticles (CSiNPs) were directly administered into B16F10 melanoma implanted in C57BL/6 mice. CSiNPs caused plasma membrane rupture and oxidative stress of tumor cells, inducing local inflammation, tumor cell death and the release of tumor-associated antigens. The CSiNPs were further complexed with bis-(3'-5')-cyclic dimeric guanosine monophosphate (c-di-GMP), a molecular adjuvant which activates the stimulator of interferon genes (STING) in antigen-presenting cells. Compared with unformulated c-di-GMP, the delivery of c-di-GMP with CSiNPs markedly prolonged its local retention within the tumor microenvironment and activated tumor-infiltrating antigen-presenting cells. The combination of CSiNPs and a STING agonist showed dramatically increased expansion of antigen-specific
Introduction
After many years of development, immunotherapy has become a clinically validated treatment for many cancers.
1-3 An immune-responsive tumor microenvironment is critical for all forms of cancer immunotherapy. Ultimately, both innate and adaptive immunity are required to stimulate an effective antitumor response. 1, 3 Toward this goal, localized therapies with engineered three-dimensional scaffolds, 4 ,5 nanoparticles, 6 or immune stimulatory molecules, 7, 8 and systemic treatment with immune checkpoint blockade antibodies, 9 adoptive T cell transfer, 10 or vaccination 11 have shown considerable promise in the induction of antitumor immunity in treating local and metastatic cancer. Among these strategies, vaccination represents a viable option for active immunotherapy of cancers that aims to treat late-stage diseases by harnessing the power of a patient's own immune system. Historically, vaccination is one of the most successful and cost-effective medical interventions to prevent infectious diseases, saving millions of lives every year via pediatric and adult immunizations. 12 However, the effectiveness of traditional vaccine approaches has not been translated to therapeutic settings such as cancer, due to the difficulties in eliciting CD8 + T cell responses as well as the complex coevolution of tumor and host immune cells. 1, 6 A number of challenges must be overcome for a successful cancer vaccine. For example, although the repertoire of T cells in humans can recognize self-antigens, cancer cells frequently undergo high rates of mutation, allowing them to escape recognition by T lymphocytes. 13, 14 Furthermore, a number of defense mechanisms appear to have evolved to maintain a severely immunosuppressive microenvironment, including the suppression of antigen presentation, recruitment of regulatory T cells, as well as the up-regulation of inhibitory molecules such as PD-L1, adding an extra layer of protection against the host immune response. [1] [2] [3] An emerging alternative strategy is "in situ vaccination" which exploits local intratumoral treatment to simultaneously destroy tumor cells and provides the immune system with an antigen source for the induction of antitumor immunity. 15, 16 Unlike traditional vaccines where selected tumor-associated antigens are used, in situ vaccination exploits complete tumorrelated antigenic repertoire, including tumor-specific neoantigens derived from non-synonymous mutations. 17 Furthermore, in situ vaccines can set the stage for potent antitumor immunity by inducing inflammation and facilitating the recruitment and activation of immune cells to the tumor. Thus, an in situ vaccine approach provides opportunities for broad, more effective and less toxic treatment strategies to overcome tumorrelated tolerance and promote systemic antitumor immunity. 15, 16 A variety of intratumoral treatments (e.g., radiation
and cryotherapy) have been delivered directly to the tumors to induce tumor cell death, release tumor antigens while providing pro-inflammatory signals, which result in a systemic activation of anti-tumor T cell responses, followed by inflammatory infiltration of T lymphocytes into the tumor. 7, 8, [17] [18] [19] While these early studies demonstrated the potential of in situ tumor destruction in promoting both T cell and humoral responses, the efficacy and wide-spread adoption of in situ vaccination have been limited. The major challenge lies in the relatively weak antitumor immunity following primary tumor destruction. For example, radiofrequency ablation or cryotherapy allows in situ tumor destruction and releases a large amount of tumor antigens, but only induces a weak and transient immune response which fails to prevent tumor relapse. 19, 20 Preclinical and clinical studies combining tumor ablation with the local administration of CpG-containing oligonucleotides (single-stranded oligonucleotides containing unmethylated cytosine-guanine motifs that bind Toll-like receptor-9 and serve as potent molecular adjuvants) can boost the induction of systemic antitumor effects. 19 However, rapid dissemination of unformulated CpG from the injection site often leads to systemic toxicity. 21 Immobilizing CpG ODNs or other immunostimulants 22, 23 in synthetic scaffolds at the tumor site blocks the systemic toxicity, but this approach lacks a mechanism for in situ tumor destruction, which is required to generate an antigen source for T cell priming. Nanoparticles have found broad applications in vaccines, transforming many aspects of cancer immunotherapy. 6, [24] [25] [26] [27] Despite the exceptional ability to deliver vaccines, many nanoparticles exhibit non-specific cytotoxicity (induces both necrosis and apoptosis), causing damage to healthy cells when administered systemically. [28] [29] [30] Such nanotoxicity is often the limiting factor in their clinical applications. However, nanotoxicity delivered in a controlled manner may cause tumor cell death and function as cancer therapeutics. 31, 32 The acute cytotoxicity of nanoparticles has prompted us to harness the intrinsic cytotoxic effects for tumor destruction following local treatment, which subsequently releases tumor-associated antigens and potentially initiates or amplifies antitumor immunity. Furthermore, engineered nanoparticles are widely used to deliver immunostimulatory signals to antigen-presenting cells, amplifying tumor immunity, as shown in various clinical trials and pre-clinical animal studies. 3, 4, 12 In this study, we test the efficacy of in situ vaccination by combining the cytotoxic effects of cationic silica nanoparticles (CSiNPs) with a cyclic dinucleotide (CDN) which activates the stimulator of IFN gene (STING) pathways. 33, 34 Intratumoral injection of CSiNPs loaded with a STING agonist cyclic dimeric guanosine monophosphate (c-di-GMP) induced acute necrotic death of tumor cells through membrane disruption and production of intracellular reactive oxygen species (ROS), and elicited strong local inflammation in the tumor microenvironment of mice, leading to markedly improved tumor antigen-specific T cell response and enhanced antitumor efficacy in murine melanoma (Fig. 1) . To the best of our knowledge, this is the first time the intrinsic cytotoxicity of nanoparticles was utilized for "in situ vaccination" to initiate an antitumor immune response, which was further amplified via the co-delivery of c-di-GMP activating STING pathways. Our results may find applications in the treatment of patients with solid tumors, particularly for those ineligible for surgical resection.
Results and discussion

Preparation and characterization of c-di-GMP-loaded CSiNPs
Cationic silica nanoparticles (CSiNPs) offer several attributes in the local delivery of immunostimulatory signals to antigenpresenting cells (APCs), 35, 36 including enhanced cellular and/ or tissue interaction/uptake and prolonged retention within the tumor microenvironment. 36 To prepare immunostimulatory signal-loaded CSiNPs, c-di-GMP, a stimulator of the IFN gene agonist was complexed with amine-modified SiNPs (30 nm). c-di-GMP, or bis-(3′-5′)-cyclic dimeric guanosine monophosphate, is a cyclic dinucleotide produced by bacteria and is sensed by STING in mammals, inducing a robust type-I interferon production in antigen-presenting cells. 33, 34 c-di-GMP interacts with CSiNPs via electrostatic interactions (Fig. 2a) . To maintain the cationic surface charge and colloidal stability, an optimized mass ratio of 240 (5 μg cdGMP/1.2 mg CSiNPs) (CSiNPs: c-di-GMP) was adopted. To quantify the loading of c-di-GMP on CSiNPs, DY 547 labeled c-di-GMP and FITC labeled CSiNPs were mixed and probe-sonicated. After a brief centrifugation, the c-di-GMP-loaded CSiNPs (c-di-GMP/ CSiNPs) formed a pellet at the bottom of 1.5 mL microcentrifuge tubes (Fig. 2b) , emitting orange fluorescence under ultraviolet (UV) illumination (Fig. 2b) , implying that the interaction between CSiNPs and c-di-GMP was sufficient to promote a strong adsorption of c-di-GMP on CSiNPs. Measuring the c-di-GMP in the supernatant revealed about 65% loading efficiency (Fig. 2c) . The c-di-GMP/CSiNPs showed a mean hydrodynamic diameter of 35 nm, which was slightly bigger than that of CSiNPs (30 nm). Zeta-potential measurements showed a decrease in the surface potential from 25 mV for bare CSiNPs to 18 mV after loading with c-di-GMP, suggesting a highly charged surface after complexation. Next, the retention of c-di-GMP and CSiNPs in the tumor microenvironment was analyzed 24 h after intratumoral injection into established B16F10 dermal melanoma. The c-di-GMP/CSiNPs appeared to be stable in aqueous buffer, showing no sign of aggregation and releasing about 30% of c-di-GMP at 37°C for 3 days (Fig. S1 †) . The local retention was also measured in vivo. Briefly, the mice received a single intratumoral injection of c-di-GMP (labeled with DY 547 ), CSiNPs (labeled with FITC), or c-di-GMP/CSiNPs and 24 h after injection, the tumors were isolated, sectioned, and imaged to visualize c-di-GMP and CSiNP distribution (Fig. 2d) . Due to its small molecular weight, the c-di-GMP signal was not seen at the tumor site 24 h after the injection of free c-di-GMP, suggesting a rapid diffusion or degradation of c-di-GMP after injection. In contrast, c-di-GMP delivered by CSiNPs was clearly visible and appeared to be largely and uniformly distributed in the tumor (Fig. 2d) , demonstrating that c-di-GMP delivered with CSiNPs prolonged its local retention at the injection site. Complexation of c-di-GMP to CSiNPs prevents it from diffusing into the blood circulation and possibly protects it from enzymatic degradation. 11 Additionally, cationic nanoparticles might strongly interact with the net anionic phospholipid membrane and extracellular matrix (ECM) at the injection site through electrostatic interactions, leading to enhanced local adherence.
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CSiNPs induce potent tumor cell necrosis in vitro Distinct types of cell death induce different types of immune responses: physiological cell death (apoptosis) is found during normal cell turnover and is intrinsically tolerogenic, whereas pathological cell death (necrosis) is characterized by intensive tissue destruction, inflammation and is immunogenic. 38, 39 We envision that a potent necrotic toxicity can be achieved by intratumoral injection of cationic nanoparticles. The surface charge is one of the main influencing factors for cytotoxicity, as positively charged nanoparticles act more cytotoxically than their negative counterparts of a similar size in nonphagocytic cells. 40 The strong binding between the cationic nanoparticles and the tumor cells initiated by electrostatic interactions has been shown to disrupt the integrity of the plasma and vesicular membranes of living cells, causing cell death. 37, 41 The toxicity of cationic silica nanoparticles has also been correlated with an enhanced generation of reactive oxygen species (ROS), leading to oxidative stress which in turn may trigger proinflammatory responses. 29, 30 We tested whether a high rate of toxicity in CSiNPs can result in acute necrosis of tumor cells through membrane disruption and oxidative stress (Fig. 3a) . Mouse melanoma B16F10 cells were incubated for 24 h at 37°C with varying concentrations of CSiNPs, or negatively charged SiNPs (NSiNPs, hydroxyl-terminated). Though dose-dependent toxicity was observed in cells treated with both types of nanoparticles, as measured by the mitochondrial metabolic activity, positively charged SiNPs showed stronger cytotoxic effects than their anionic counterparts (Fig. 3b) . Treatment of CSiNPs led to an apparent increase in the number of necrotic cells which were stained positively with a vital dye propidium iodide (PI) and enumerated by flow cytometry (Fig. 3c and Fig. S2 †) . Necrosis was further confirmed by confocal microscopy after 2 h or 24 h incubation of B16F10 cells with CSiNPs (Fig. 3d) . The increase of necrotic cells was more evident over time as shown after 24 h incubation (Fig. 3d) . It has been reported that nanocarriers with positive surface charges caused a rapid appearance of necrotic cells with characteristic morphological features 40 and induced oxidative stress via the generation of reactive oxygen species (ROS). 29, 40, 42 The B16F10 cells incubated with CSiNPs were morphologically characterized by cell swelling and plasma membrane rupture (Fig. 3e ). The intracellular ROS production which potentially leads to cell death by directly oxidizing or triggering various downstream pathways in the mitochondria 43 was also quantified. The B16F10 cells were treated with CSiNPs or NSiNPs for 24 h at 37°C and stained with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA) that reacts with multiple ROS species in the cells. The intracellular ROS levels were then determined by measuring the fluorescence of H2DCFDA by flow cytometry and confocal microscopy ( Fig. 3f  and g ). Confocal microscopy analysis indicated a significant colocalization between H2DCFDA and CSiNPs ( Fig. 3f ) , suggesting that CSiNPs were the major source of ROS in these cells. The flow cytometry quantification of the H2DCFDA fluorescence showed a significant increase in ROS generation when the cells were treated with CSiNPs, as compared with NSiNPs (Fig. 3g) . The CSiNPs were confined in the intracellular membrane structures, with a portion of them accumulated in the mitochondria after 24 h exposure, confirmed by colocalization analysis of CSiNPs with a commercially available mitochondria-specific dye, MitoTracker (Fig. S3 †) . All considered, our data suggest that CSiNPs disrupt the plasma membrane and induce the production of reactive oxygen species, which lead to the acute necrosis of tumor cells.
Intratumoral injection of CSiNPs induces acute cell necrosis and inflammation in the tumor microenvironment
To test the cytotoxic effect of CSiNPs in vivo, 5.0 × 10 5 B16F10
tumor cells were inoculated in the flank of C57BL/6 mice. When the tumor sizes were 45-50 mm 2 , the mice were injected with a single intratumoral dose of NSiNPs or CSiNPs. At 24 h post injection, the tumor tissues were removed, dissociated, and the necrotic cells were analyzed. CSiNPs administered into the tumor resulted in a significant increase in the frequency of primary and secondary necrotic cells as detected by flow cytometry with PI and Annexin-V staining ( Fig. 4a and b) . Cell necrosis or death was also observed in the tumor tissue treated with CSiNPs, as shown by hematoxylin-eosin (HE) stained histological sections (Fig. 4c) . The interactions between the CSiNPs and the tumor cells resulted in significant tumor destruction characterized as a dark purple region surrounded by damaged tissues (Fig. 4c) . In contrast, the mice injected with PBS or the soluble STING agonist c-di-GMP showed minimal necrotic cell death when the examined sections were stained with H&E (Fig. 4c) . These observations suggest that an intratumoral injection of CSiNPs results in tumor necrosis in vivo. Necrotic cell death stimulates a host inflammatory response, characterized by rapid infiltration of neutrophils, followed by monocytic phagocytes. CSiNPs, but not c-di-GMP treated tumors showed abundant infiltration of neutrophil-like cells surrounding the necrotic area and were Gr-1 positive after immunohistochemical staining (Fig. 4d) . To determine the frequency and activation status of the antigen-presenting cells within the tumor milieu, the tumors were removed 24 hours post injection, and the dissociated cells were stained with anti-MHC II and anti-CD80 monoclonal antibodies. Intratumoral injection of soluble c-di-GMP induced minimal activation of the antigen-presenting cells in tumors (Fig. 4e and f ) , showing a basal level of CD80 + MHC II + cell populations indistinguishable from those with PBS. In contrast, CSiNP-treated mice showed a significant increase in the frequency of CD80 + MHC II + cells among the total tumor infiltrates ( Fig. 4e and f ) .
However, the strongest APC activation was elicited by c-di-GMP complexed with CSiNPs ( Fig. 4e and f ) . The increased activation of APCs within the tumor milieu, combined with the prolonged intratumoral retention (Fig. 2d ) and increased induction of tumor necrosis ( Fig. 4a and b) , suggests that CSiNPs have the potential to be a new in situ vaccine platform for simultaneous tumor destruction and immune activation.
CSiNPs in combination with c-di-GMP exhibit potent antitumor activity in a murine melanoma model
To elucidate and exploit the therapeutic impact of CSiNPs as in situ tumor vaccines, we evaluated the antitumor efficacy in mouse melanoma. C57BL/6 mice were inoculated with 5 × 10 5 B16F10 cells in the right flank, and when the tumor volumes reached ∼50 mm 2 (day 8), the mice were injected with a single intratumoral injection of 5 μg soluble c-di-GMP or the same dose of c-di-GMP formulated with CSiNPs (Fig. 5a ). Intratumoral injection of CSiNPs complexed with c-di-GMP triggered sustained regression of B16F10 tumors that was only modestly impacted by soluble c-di-GMP, or CSiNPs loaded with a control linear dinucleotide (inactive in STING stimulation, Fig. 5b-f ) . The mice treated with c-di-GMP/CSiNPs also showed greatly prolonged survival, with 3 out of 8 animals remaining tumor free for at least 60 days ( Fig. 5b and c) . To assess the induction of immunological memory after the c-di-GMP/CSiNP-induced tumor regression, the surviving mice from the c-di-GMP/CSiNP treatment group were rechallenged with B16F10 cells in the opposite flank 60 d after the primary challenge (Fig. 5a ). The surviving mice previously treated with c-di-GMP/CSiNPs showed 37.5% survival at 60 d ( Fig. 5c and  d) , and the cured mice were fully protected against the subsequent tumor rechallenge (Fig. 5d) . Resistance to the secondary tumor cell challenge confirms the development of adaptive memory after the treatment-induced tumor regression. Notably, antitumor activity was dependent on the combination of CSiNPs and c-di-GMP and correlated with an increased activation of antigen-presenting cells in the tumor microenvironment. In order to determine whether necrotic destruction and immune stimulation by c-di-GMP/CSiNPs could promote the antigen-specific immune response, we utilized the B16F10 melanoma cell line transduced to express the model antigen ovalbumin (B16-OVA). 44 Due to the very low level of OVA expression in this tumor cell line, 45, 46 a small amount of OVA protein was injected to increase the antigen dose. Briefly, C57BL/6 mice were inoculated with B16-OVA tumor cells and on day 8 the mice received a single intratumoral dose of 10 μg soluble OVA followed by 5 μg c-di-GMP, or OVA plus c-di-GMP/ CSiNPs at the same dose as the soluble counterparts (Fig. 6a) . Injection of OVA plus c-di-GMP/CSiNPs induced tumor regression with complete tumor rejection in 50% of mice ( Fig. 6b and c) . Local treatment with c-di-GMP combined with OVA inhibited tumor growth over two weeks, after which time the tumors rapidly progressed with all animals succumbing by day 31, a time when all the c-di-GMP/CSiNPs treated animals were still alive (Fig. 6c) . A marked increase in the frequency of OVA-specific CD8 + T cells was detected on day 18 using the SIINFEKL/H-2K b tetramer in mice that received c-di-GMP/ CSiNPs + OVA, but not c-di-GMP + OVA (Fig. 6d) . Similarly, the functional analysis of blood T cells after antigen restimulation indicated that treatment with c-di-GMP/CSiNPs + OVA, but not c-di-GMP + OVA induced higher frequencies of IFN-γ and TNF-α producing CD8 + T cells (Fig. 6e-g ). Immunofluorescence
analysis of tumor-infiltrating CD8 + lymphocytes at tumor tissue collected 10 days after treatment revealed increased CD8 + T cell infiltration in mice treated with c-di-GMP/CSiNPs (Fig. S4 †) . Together, these data suggest that complexing c-di-GMP with CSiNPs induced the highest frequencies of antigenspecific CD8 + T cells capable of secreting pro-inflammatory cytokines IFN-γ and TNF-α, leading to potent anti-tumor activities and inhibition of tumor growth in murine melanoma. 
Conclusions
Nanoparticles are emerging as a powerful tool in biomedicine, providing a practical solution to the challenges of traditional therapies of diseases, especially cancer. 6, [23] [24] [25] [26] [27] A wide variety of nanocarriers have been designed and tested in preclinical and clinical studies. 6, [23] [24] [25] [26] [27] However, many nanocarriers exhibited intrinsic cytotoxicity, causing cellular stress, inflammation, and tissue destruction. 25, [28] [29] [30] Such cytotoxicity is often considered unsuitable for clinical applications. Here we designed an in situ vaccine strategy based on cytotoxic silica nanoparticles. We showed that the intrinsic cytotoxicity of cationic silica nanoparticles can be harnessed for tumor destruction and immune activation. In addition to the intrinsic toxicity, CSiNPs can be easily complexed with a STING agonist, enhancing its cellular uptake and retention within the tumor microenvironment. In mice, intratumoral injection of CSiNPs caused tumor cell destruction, releasing tumor-associated antigen and inflammation cues. When the CSiNPs were combined with c-di-GMP which activates the STING pathway, a markedly enhanced anti-tumor immune response and therapeutic efficacy in murine melanoma were achieved. While further studies will be needed to determine potential longterm toxicity, our results, along with the recent success in STING activation in clinical trials, support that in an appropriate combination, nanotoxicity can be harnessed to improve clinical outcomes in cancer immunotherapy.
Materials and methods
All chemicals including SiNPs were purchased from SigmaAldrich unless noted otherwise. Bis-(3′-5′)-cyclic dimeric guanosine monophosphate (c-di-GMP) and the c-di-GMP control were purchased from InvivoGen (San Diego, CA) and dissolved in ddH 2 O. DY 547 -c-di-GMP was purchased from BIOLOG Life Science Institute. Murine MHC class I tetramers were obtained from MBL International Corporation (Woburn, MA). All other antibodies were purchased from eBioscience (San Diego, CA) or BD Bioscience (San Jose, CA).
Animals and cells
The animals were housed in the United States Department of Agriculture (USDA)-inspected Wayne State University (WSU) animal facility under federal, state, local and NIH guidelines for animal care. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of WSU and approved by the Institutional Animal Care and Use Committee (IACUC) of WSU. Female C57BL/ 6 mice (6-8 weeks) were obtained from the Jackson Laboratory. B16-F10 cells were purchased from ATCC. The cells were cultured in complete medium (MEM, 10% fetal bovine serum (Greiner Bio-one)), 100 U mL −1 penicillin G sodium and 100 μg mL −1 streptomycin (Pen/Strep).
Preparation of c-di-GMP-loaded CSiNPs
Positively charged SiNPs were purchased from Sigma-Aldrich that were initially functionalized with triethoxypropylaminosilane. The size of the purchased CSiNPs was about 30 nm and was confirmed by dynamic light scattering (DLS) measurements (Malvern Zetasizer). The CSiNPs solution was diluted 10 times using saline to decrease the nanoparticle density (0.116 g mL −1 ) and mixed with the desired amount of c-di-GMP to prepare c-di-GMP-loaded CSiNPs. To facilitate the complexation process, probe-sonication was performed for 1 min with a 2/2s on/off working cycle at a power output of 4 joules. The c-di-GMP-loaded CSiNPs were purified by repeated centrifugation and resuspension in PBS.
Size and zeta potential measurements
To measure the size and zeta potential of the nanoparticles, dynamic light scattering instrument (DLS, Zetasizer, Malvern) was used with a He-Ne laser (633 nm) at 90°collecting optics at 25°C.
Cell viability assay
Cellular viability was measured using the Alamar Blue assay (Thermo Fisher). Briefly, 5 × 10 4 B16-F10 cells were plated onto 96 multi-well plates (Costa, Corning, NY). After incubation with the indicated dose of nanoparticles for 24 h at 37°C, the cells were incubated with the Alamar Blue agent for 4 h at 37°C and the absorbance was measured at 570 nm, using 600 nm as a reference wavelength. The mean absorbance of the non-exposed cells was the reference value for calculating 100% cellular viability.
In vitro cellular uptake
To determine the intracellular uptake capacity of nanoparticles, the B16-F10 cells were seeded on glass coverslips in a 6-well microscope chamber at a density of 2 × 10 4 cells per well for 8 h at 37°C. After 8 h, 2 µl of Mitochondria-Red Fluorescent Protein (RFP) (CellLight TM BacMam 2.0) per 10 000 cells was added into the media to label mitochondria with RFP and the cells were incubated for another 16 h at 37°C. After a total of 24 h incubation, the cells were treated with 10 μg ml −1 of fluorescence-labeled silica nanoparticles for 2 h or 24 h, and then washed with saline. For fixation, the glass that the cells adhered to was immersed in 4% paraformaldehyde in saline for 10 min at room temperature. Following fixation, the glass was washed with saline and mounted on a slide with nuclei staining with DAPI. Fluorescence images were obtained using a confocal microscope (Zeiss LSM-510) with a filter set of DAPI, FITC, and Mitochondria-RFP excitation/emission.
Cellular staining with fluorescent probes
The intracellular ROS production was measured using cell-permeant 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA, Thermo Fisher) staining following the manufacturer's instructions in B16-F10 after 2 h or 24 h exposure to nanoparticles at 37°C.
Sectioning and immunohistochemistry
Eight days after injection with 5 × 10 5 B16-F10 cells subcutaneously, the mice were injected with formulations containing 5 μg of c-di-GMP either in soluble or nanoparticle form directly into the tumor. The tumors were harvested 24 h later, placed in an optimum cutting temperature (OCT) formulation (Sakura Finetek), and frozen in liquid nitrogen. Threemicrometer sections of the selected formalin-fixed, optimal cutting temperature (OCT)-embedded specimens were prepared and Gr-1 staining was performed using an anti-mouse Gr-1 Ab (BD Biosciences, 1 : 50). The stained histological sections were then imaged using an EVOS AMF4300 microscope.
Sectioning and immunofluorescence staining
Eight days after injection with 5 × 10 5 B16-F10 cells subcutaneously into the C57BL/6 mice, the mice received a single intratumoral dose with formulations containing 5 μg c-di-GMP either in soluble or nanoparticle form (5 μg c-di-GMP and 1.2 mg CSiNPs). The tumors were harvested 10 d later, placed in the optimum cutting temperature (OCT) formulation (Sakura Finetek), and frozen in liquid nitrogen. For CD8 + T cell infiltration assessment, the samples were cryosectioned and stained with the CD8-APC antibody (eBioscience). The slides were imaged using a Zeiss LSM 510 confocal microscope. 
Detection of necrosis in vivo
Detection of necrosis by confocal microscopy
The B16-F10 cells were seeded on glass coverslips in a 6-well microscopy chamber at a density of 2 × 10 4 cells per well for 8 h at 37°C. After 8 h, the cells were treated with 10 μg ml −1 of fluorescence-labeled CSiNPs for 2 h or 24 h, and then washed with saline without a fixation step. The desired amount of PI dye dissolved in a saline of 1 mL was added to each well for 10 min at 37°C and then washed with saline. Following PI staining, the glass was washed with saline and mounted on a slide with nuclei staining with DAPI. The fluorescence images were obtained using a confocal microscope (Zeiss LSM-510) with a filter set of DAPI, FITC, and PI excitation/emission.
Tumor model
The B16-F10 or B16.OVA cells (5.0 × 10 5 cells) were subcutaneously inoculated into the right flank of 5-6-week-old C57BL/6 mice. When the tumor mass became palpable (7-8 mm, typically 8 days later), the mice were divided into several treatment groups (n = 8) and the tumor-bearing mice were intratumorally injected with 5 μg c-di-GMP either in soluble or in nanoparticle form (5 μg c-di-GMP and 1.2 mg CSiNPs). For the B16.OVA tumor study, c-di-GMP and OVA either in soluble or in nanoparticle form (5 μg c-di-GMP, 5 μg OVA, and 1.2 mg CSiNPs) were intratumorally injected into the B16.OVA tumor-bearing C57BL/6 mice. Survival and the tumor size were measured every day using a sliding caliper. Ten days after the intratumoral injection of vaccine formulations to the B16.OVA bearing mice (day 18), the mice were bled and the peripheral blood mononuclear cells were evaluated using SIINFEKL/H-2K b peptide-MHC tetramer staining and intracellular cytokine (IFN-gamma and TNF-alpha) staining.
Statistical analysis
Comparisons of the mean values of the two groups were performed using unpaired Student's t-tests. To analyze the statistical difference between the groups, one-way analysis of variance (ANOVA) with Bonferroni's post-test was used. All of the values were expressed as mean ± standard deviations. GraphPad Prism software was used for all the statistical analyses. ***P < 0.001, **P < 0.01, and *P < 0.05. NS, not significant.
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